Four new mixed-ligand Ni(II) complexes (1-4) containing imidazole (im) or benzimidazole (bz) and tridentate Schiff bases derived from 2,4-dihydroxybenzaldehyde (24D) and 4-methyl-3thiosemicarbazide (MT24D) or 4-phenyl-3-thiosemicarbazide (PT24D) were synthesised and characterised using elemental and spectral analysis including FTIR, UV-Vis, 1 H NMR, 13 C{ 1 H} NMR and mass spectrometry for Schiff bases, while the complexes were additionally analysed 2 using ICP-OES, molar conductivity, magnetic susceptibility measurements and single crystal X-Ray diffraction (SXRD) analysis. Magnetic susceptibility indicated a square planar geometry for all the metal complexes while molar conductance values showed that the complexes were nonelectrolytes in DMSO. The molecular geometries of the neutral complex molecule in [Ni(PT24D)(bz)](bz).CH3OH (2'), that is 2 co-crystallised with a 1,3-benzimidazole molecule as a methanol solvate, and in the cation of [Ni(MT24D)(im)]O2CMe.2H2O (5), a reaction intermediate for 1, were established by X-ray crystallography. Each featured a trans-N2OS coordination geometry defined by phenoxide-O, imine-N and thiolate-S (2') or thione-S (5) donors as well as the imine-N donors derived from 1,3-benzimidazole (2') or imidazole (5) molecules. Systematic variations in geometric parameters were correlated with the form of the tridentate ligand, i.e. di-anionic (2') or mono-anionic (5). In the crystal of 2', supramolecular chains are sustained by hydrogen bonding and these were connected into a supramolecular layer by π … π stacking interactions occurring between coordinated benzimidazole rings. In the crystal of 5, hydrogen bonding leads to a three-dimensional architecture. By contrast, the Schiff bases and mixed-ligand Ni(II) complexes were tested for their cytotoxic activities, but all compounds were inactive against the tested breast cancer cell lines of MDA-MB-231 and MCF-7.
Introduction
In recent years, multi-drug resistance has become a serious issue resulting in failure of treatment due to resistance against currently available drugs. Therefore, the study of using transition metal complexes as metallo-drugs is believed to have great potential in wiping out the microbial menace by using different therapeutic approaches [1] [2] . Small molecules like transition metal complexes have been proven to have strong binding interactions with DNA via both covalent and non-covalent interaction modes. The interaction modes play a significant role in the biological activities of metal complexes especially as antibacterial, antifungal and anticancer agents [3] . For example, the Cu(II) Schiff base complex derived from 4-chloroanthranilic and salicylaldehyde showed an intercalative binding mode with CT-DNA with a high Kb constant of 1.93 x 10 4 L mol -1 , indicative of strong binding, as compared to other similar complexes such as [Cu(naphleu)phen]CH3OH·0. 5H2O (Kb, 4.87 × 10 3 L mol −1 ) and [Cu(sal-L-val)phen] (Kb, 6.48 × 10 3 L mol −1 ) [4] . This has formed the basis of most research in the synthesis of metal complexes via various methods and different designs to develop new metal-based drugs.
Transition metal complexes of thiosemicarbazone ligands have received considerable interest due to its ability to disrupt DNA synthesis by causing modification in the reductive conversion of ribonucleotides to deoxyribonucleotides [5] . Furthermore, by introducing aldehydes or ketones to thiosemicarbazones, the Schiff bases that are formed can interact with metal ions to form complexes that have stable four, five or six coordination [6, 7] . The biological activity of thiosemicarbazones are affected by their chelating ability with transition metal ions.
Coordination to metal centre through sulfur and nitrogen donors would form bidentate, tridentate or even multidentate ligands, thus giving rise to complexes of different geometries and properties that would alter or enhancing their biological properties [8] [9] [10] [11] 12] . Studies also reported that the biological activity of the metal complexes of thiosemicarbazone-derived Schiff bases often had higher, and selective bioactivities as compared to the corresponding free thiosemicarbazones [13] [14] [15] . The biological activity of these metal complexes containing Schiff bases have also been reported to have enhanced activities when ligated to a co-ligand, forming mixed-ligand complexes. For instance, the Cu(II) complexes of a tridentate Schiff base, salicylaldehyde-4methyl-3-thiosemicarbazone in the presence of imidazole or benzimidazole indicated enhanced activity against MCF-7 and MDA-MD-231 breast cancer cell lines [16] as compared to the mono-ligand metal complex.
Imidazole derivatives are an important class of heterocycles, being the core fragment of different natural products and biological systems. The imidazole ring is biologically relevant as it can mimic the histidine moiety. It is able to act as a co-ligand in metal complexes, potentially enabling them to bind with biomolecules [17] . They occupy a unique place in the field of medicinal chemistry owing to their potent biological activity especially as antiprotozoal, antifungal, and antihypertensive agents [18, [19] [20] [21] . Bearing donors and acceptors capable of hydrogen bonding, imidazole-and benzimidazole-containing metal complexes often possess interesting supramolecular architectures [22] . In the study of imidazole derivatives [23] , higher than native enzyme as the standard (IC50=0.004 µmol dm -3 ). This higher IC50 value was 5 hypothesized to be due to the strong ligand field created by the tridentate Schiff base that would interfere with the interaction of the complexed copper ion with the superoxide radicals [24] .
In the present study, a new series of mixed-ligand metal complexes were formed by reacting single atom donor ligands, imidazole and benzimidazole with tridentate thiosemicarbazide Schiff bases and Ni(II) acetate. Since scarce information has been reported on mixed ligand metal complexes containing imidazole derivatives as a co-ligand and in view of the reports on the biological relevance of related mixed-ligand metal complexes, we report herein the synthesis, characterisation, cytotoxicity, antibacterial activity and DNA-binding studies of mixed ligand metal complexes derived from tridentate ONS Schiff bases with imidazole derivatives. The mixture was heated while stirring to reduce the volume to half. The precipitate formed when the mixture was cooled to room temperature, filtered and dried over silica gel overnight. For imidazole or benzimidazole to remain as a co-ligand, a large excess concentration was added in the reaction. A small amount of crystals suitable for single crystal X-ray structure analysis were obtained for 1 and 2 after slow evaporation in acetonitrile for a week.
Experimental

Instrumentation and materials
2.4
Single Crystal X-ray structure determination of [Ni(PT24D)(bz)](bz).CH3OH (2') , and in the cation of [Ni(MT24D)(im)]O2CMe.2H2O (5) In addition to crystals of 2', that is 2 co-crystallised with a 1,3-benzimidazole molecule as a methanol solvate, a small number of crystals of a reaction intermediate isolated from the reaction mixture of 1 were isolated and characterised crystallographically, hereafter 5. Intensity data for 2' and 5 were measured at T = 100 K on an Oxford Diffraction Gemini Eos CCD 8 diffractometer fitted with Mo Kα radiation ( = 0.71073 Å). Data reduction, including analytical absorption correction, was accomplished with CrysAlisPro [25] . The structures were solved by direct-methods [26] and refined (anisotropic displacement parameters, C-bound H atoms in the riding model approximation) on F 2 [27] . The oxygen and nitrogen-bound hydrogen atoms were omitted owing to poor agreement. The molecular structure diagrams was generated with ORTEP for Windows [28] with 70% displacement ellipsoids and the packing diagrams were drawn with DIAMOND [29] . Additional data analysis was made with PLATON [30] . Crystal data and refinement details are given in Table 1 . Table 1 Crystal data and refinement details for complexes 2 and 5. 
Bioactivity
Cytotoxicity assays
MDA-MB-231 (estrogen receptor-negative human breast cancer cells) and MCF-7
(estrogen receptor-positive human breast cancer cells) cell lines were obtained from the National Cancer Institute, USA. The cells were cultured in tissue culture flasks containing RPMI 1640 culture medium supplemented with 1 % penicillin and 10 % fetal bovine serum (FBS). The cytotoxicity was determined by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [31] . Cytotoxicity was expressed as IC50 which is the concentration of trial compound that inhibits the cancer cells by 50% as compared to the control. The control that contained untreated cells were included for each sample. Tamoxifen was used as a standard drug.
Antibacterial activity
Clinical isolates of the following organisms: Methicillin Resistant Staphylococcus aureus (MRSA), Staphylococcus aureus, Bacillus subtilis, Serratiamarcescens, Propionibacterium acne, Pseudomonas aeruginosa and Enterobacteraerogenes used in this study were obtained from the culture collection of the Institute of Bioscience, UPM. The bacterial strains were grown and maintained on nutrient agar (NA) slant. Antimicrobial activity was based on a clear zone formed around the disc. Complete inhibition was indicated by a clear zone, while partial inhibition was by a semi-clear zone. Streptomycin (100 mg/mL) was used as the reference drug for antibacterial activity with DMSO as the negative control. The bacterial suspension (10 8 cfu/mL) was inoculated onto the entire surface of a nutrient agar (NA) plate with a sterile cotton-tipped swab to form an even lawn. After solidification, the filter paper discs impregnated with the extracts were placed on the NA plates. The plates were then incubated at 37 °C for 18-24 hours. All tests were performed in triplicate and the antibacterial activity was expressed as the mean of the inhibition diameters (mm) obtained.
Determination of minimum inhibitory concentration (MIC)
The MIC values were determined by the liquid dilution method [32] for samples that displayed inhibition zones of around 15 mm and more in the disc diffusion assay. Various concentrations of each sample (ranging from 0.156-20 mg/mL) were prepared in 96-microwell plates followed by inoculating 10 µl of the standardized suspension bacteria. The microwell plates were incubated at 37 0 C for 18-24 hours. The MICs of the samples were recorded as the lowest concentration that could inhibit the visible growth of microorganisms overnight. Each experiment was carried out three times and was correlated against the controls.
Determination of minimum bactericidal concentrations (MBC)
A loopful of sample from each well in the MIC examination which did not show any growth was inoculated on NA and incubated at 37 0 C for 18-24 hours. In this test, the lowest concentration of sample required to kill a particular bacterium was determined as the MBC.
DNA-binding study
The buffer solution was prepared by adding 5 mM Tris-HCl (Sigma Aldrich) and 25
mM NaCl (Sigma Aldrich) in 500 ml ultrapure water (pH = 7.1). The CT-DNA was dissolved in 25 ml of buffer solution [33] . The concentration of CT-DNA was calculated according to Beer-Lambert's Law A = εbc, where ε is the molar extinction coefficient, 6600 M -1 cm -1 at 260 nm [34] . The calculated DNA concentration was 5.136 x 10 -5 M. The complexes were dissolved in a mixture of DMSO/buffer (3:7). Absorption titration measurements were carried out by gradually increasing the DNA concentration while maintaining the complex concentration (2 x 10 -6 M). Absorbance values were recorded after each successive addition of DNA solution and equilibration using UV spectrophotometry [35] . Table 2 . All physiochemical and spectroscopic analyses were carried out on the bulk samples. 13 All the mixed-ligand Ni(II) complexes exhibited diamagnetic properties which was indicative of d 8 Ni(II) complex with a square planar geometry [3] since the Schiff bases were expected to coordinate with the metal atom through three donor atoms while imidazole or benzimidazole occupied the fourth position. The complexes were non-electrolytes in DMSO [36] , which fell in the range of 2.3-3.3 Ω -1 cm 2 mol -1 , indicating that both imidazole/benzimidazole and ligand did not exist as free ions in solution. 
Results and discussion
Magnetic and conductivity data
Electronic and IR spectra
The infrared spectral data for the ligand and metal complexes are shown in Table 3 and Figs. S1, S2 and S3 (Supplementary file). Both ligands successfully coordinated to the metal ion through the phenoxide-oxygen, azomethine-nitrogen, and thiolate-sulphur atoms as evidenced by shift of wavenumbers of certain key functional groups in the IR spectra. The absence of the v(S-H) band at 2570 cm -1 in the spectra of the ligands indicated that they existed as the thione form in the solid-state [35] . The thione forms are unstable and tend to convert to stable thiolo forms in the presence of metal ions, by enethiolization in solution [37] . In the infrared spectrum of The electronic spectral analysis was carried out in DMSO and the data is displayed in Table 4 . The bands at 261-280 and 300-353 nm were attributed to intra-ligand n-π* and π-π* transitions respectively [38] . Weak d-d transitions displayed at 400-500 nm indicated that the complexes had square planar geometry where the Ni(II) ion was coordinated to the azomethinenitrogen, hydroxyl-oxygen, thiolate-sulphur from the Schiff base, whereas the fourth position was occupied by the co-ligand, imidazole or benzimidazole. The appearance of a strong peak at 16 347-377 nm additionally supported the ligation of sulphur to the metal ion via ligand to metal charge-transfer transitions. Table 3 IR spectral bands of the Schiff bases and their mixed-ligand Ni (II) complexes 
1 H NMR and 13 C NMR spectra
To obtain insight and confirm the structure of the tridentate Schiff bases, 1 H NMR spectra of MT24D and PT24D ( Figures S4 and S5, Supplementary Data) in DMSO-d6 were obtained. The summary of the spectral data is shown in Tables S1 and S2 (Supplementary Data).
The 1 H spectra MT24D showed a resonance in the downfield region around δ 11 ppm which was assigned as the proton (H7) which was attached to the N atom. The existence of the electronegative atoms (nitrogen) adjacent this proton deshields the proton. One singlet peak at δ 8.35 and two singlets peaks at δ 9.55 and 9.96 ppm were observed correspond to OH phenolic of MT24D and PT24D, respectively. The aromatic protons were observed as multiplet ranging δ 6.62 -7.33 ppm corresponding to 3 protons and δ 6.64 -7.51 ppm corresponding to 8 protons for MT24D and PT24D, respectively. No resoance was observed at δ 4.0 ppm which indicated the absence of the thiol group which proved that the Schiff bases were present in their thione tautomeric form in solution [39] . This is quite common, as the thioamide functional group, -NH(CS)NR-of the thiosemicarbazone Schiff bases is known to exhibit thione-thiol tautomerism in solution [39] . Crystal structure determinations were achieved for 2' and 5 with the molecular structures of each of the complex molecules shown in Fig. 1 . The crystallographic asymmetric unit of 2' comprises a neutral complex molecule, a 1,3-benzimidazole molecule and a solvent methanol molecule. The tridentate di-anion coordinates the nickel(II) centre via thiolate-S1, phenoxide-O3 and imine-N3 atoms to establish five-and six-membered rings. The fourth site of the central atom is occupied by the N4 atom derived from a neutral benzimidazole molecule. The nitrogen atoms are mutually trans within the resultant N2OS donor set that defines an approximate square-planar geometry. Selected geometric data are given in Table 5 from which it can be seen that the maximum deviation from the ideal geometry, at least in terms of angles is found in the O1-Ni-N3 angle of 95.69(8)°.
The crystallographic asymmetric unit of 5 comprises a complex cation, an acetate anion and two water molecules of crystallisation. The tridentate mono-anion coordinates the nickel(II) centre via thione-S1, phenoxide-O3 and imine-N3 atoms. The fourth site of the central atom is occupied by the N4 atom derived from a neutral imidazole molecule. A very similar description of the coordination geometry pertains to the complex cation in 5 with the key difference being the thiolate-S1 donor in 2' is now a thione-S1 atom as the tridentate ligand is a mono-anion. The major angular deviation from the square-planar N2OS coordination geometry is again seen in the O1-Ni-N3 angle of 94.90(8)°. The experimental equivalence of the C13-O3, O4 bond lengths, 19 i.e. 1.244(4) and 1.249(3) Å, respectively, confirms the presence of the acetate counter-ion in the crystal of 5.
Systematic changes in key geometric parameters are evident in Table 5 , as a result of the different coordination modes of the LHand L 2anions in 5 and 2', respectively. Most notable is the longer Ni-S1 bond length in 5 compared with that in 2', with concomitant differences in the Ni-O1 bond lengths. The short C1-S1 bond length in 5 is also consistent with the presence of a thione-S1 atom. Also, the C1-N2 length of 1.308(3) Å in 2' is consistent with the formation of an imine bond in the L 2di-anion. This change is also reflected in some of the key angles, e.g. a reduction of ca 6° in the C1-N2-N3 angle, and a decrease and increase by 5° and 4° in the S1-C1-N1 and S1-C1-N2 angles, respectively going from 5 to 2'. Table 5 Selected geometric parameters (Å, °) for 2' and 5.
Complex
2' 5
Parameter Ni-S1 2.1365(8) 2.1545 (7) Ni-O1 1.8799 (18) 1.8597 (17) Ni-N3 1.862(2) 1.853 (2) Ni-N4 1.897(2) 1.894 (2) N2-N3 1.417(3) 1.397 (3) C1-S1 1.744(2) 1.715 (2) C1-N1 (6) S1-Ni-N3 87.54 (7) 88.60(6) S1-Ni-N4 89.95 (7) 89.25 (7) O1-Ni-N3 95.69 (8) The tridentate mode of coordination of the L 2and LHanions in 2' and 5 results in the formation of five-membered Ni,S1,C1,N2,N3 and six-membered Ni,O1,N3,C3-C5 chelate rings.
While essentially planar, there are signficant deviations from planarity in the five-membered ring of 2': the r.m.s. deviation = 0.0210 Å with the N3 atom deviating by 0.0290(12) Å from this plane. Even more pronounced are the deviations in the six-membered chelate ring with the r.m.s. deviation for the fitted atoms being 0.0459 Å, and with the N3 and Ni atoms lying 0.0723 (14) and 0.0559(10) Å to either side of the plane, respectively; the dihedral angle between the chelate rings = 6.19 (10) The other obvious difference in conformation between the complex molecules in 2' and 5
relates to the relative orientations of the terminal amine-bound methyl groups. While in both molecules, this group is co-planar with the coordinated S1 atom with S1-C1-N1-C2 torsion 23 angles of and 171.5(2) and -1.87(16)° in 2 and 5, respectively, in 5, the methyl group is syn to the S1 atom whereas there is an anti-relationship in 2'.
The mode of coordination of the LHanion in 5 appears to be unprecedented in the crystallographic literature according to a search of the Cambridge Structural Database [40] .
Similarly, with a formal C3-C4 bond in 2', this is also unprecedented with the closest structural analogue being a nickel(II) complex where this bond is substituted by a bond of an aromatic ring [41] .
As anticipated from the chemical compositions of 2' and 5, significant hydrogen bonding interactions are evident in their crystals. The geometric parameters characterising these along with other non-covalent interactions present in the respective crystals are tabulated in Table 6 . (1) is the ring centroid of the C18-C23 ring.
Hydrogen bonding interactions also feature prominently in the molecular packing of 2'. The result is a supramolecular chain along the c-axis direction as shown in Fig. 2(a) . While there is no role formal role for the amine-N-H hydrogen in the hydrogen bonding scheme, this atom participates in the molecular packing by forming in a N-H … π(C6-benzimidazole) interaction within the supramolecular chain as detailed in Fig. 2(b) . The chains are connected into a supramolecular layer in the bc-plane by π … π stacking interactions between symmetry related Finally, the H4w atom participates in a long hydrogen bond with the carboxylate-O4 atom. A view of the unit cell contents is shown in Fig. 3 . From here, globally, complex cations stack along the crystallographic a-axis and are connected into a three-dimensional architecture via the aforementioned hydrogen bonds which extend laterally from the columns. 
Biological activities
Cytotoxic activities
The cytotoxicity studies of Schiff bases and mixed-ligand Ni(II) complexes were screened against two selected breast cancer cell lines, MCF-7 (human breast cancer with positive estrogen receptor) and MDA-MB-231 (human breast cancer with negative estrogen receptor).
The IC50 values (concentration of drug that inhibits the growth of cancer cells by 50% as compared to the untreated controls) were determined. An IC50 value of less than 0.5 μM indicates that the complex is strongly active, whereas IC50 values of 0.5-5.0 μM and more than 5.0 μM indicate that the complex is moderately active and inactive, respectively [42] . The data obtained 28 showed all the compounds were inactive against the tested cancer cell lines. This could have been due to the presence of a hydroxyl group in the Schiff bases of Ni(II) complexes that reduced the cytotoxicity, probably due to the greater steric hindrance and intramolecular Hbonding between the compounds [43] . Interestingly however, the PT24D and Ni(II) complexes were observed to have antibacterial potency against the bacterial strains tested.
Antibacterial activities
The Schiff bases, and mixed-ligand Ni(II) complexes were screened for their antibacterial properties against Staphylococcus aureus, Bacillus subtilis, Propionibacterium acne (Grampositive), and Pseudomonas aeruginosa, Serratiamarcescens, Enterobacteraerogenes (Gramnegative). Streptomycin was used as a positive control and DMSO used as negative control in the antibacterial studies. The disc diffusion assay data is tabulated in Table 7 while the minimum inhibition concentration (MIC) and minimum bacterial concentration (MBC) results are recorded in Table 8 .
The mixed-ligand Ni(II) complexes were observed to have better antibacterial activity compared to the Schiff bases suggesting that the metal ions reduced the polarity of the compounds through the partial sharing of positive charge with the donor atoms of Schiff bases [44] . Hence, π-electron delocalisation upon chelation which also increased the lipophilic character of the central metal atom allowed the Ni(II) complexes to have a stronger permeating ability to enter the permeable membrane of the bacterial strains [45] . This was also observed in similar mixed-ligand Ni(II) complexes with sap (salicylidene-2-aminophenol) and imidazole which had significant antibacterial activities compared to other Ni(II) complexes containing only 2-carboxybenzaldehyde thiosemicarbazone [46, 47] . The complexes in this study seemed to 29 be more bacteriocidal towards the gram-positive bacteria tested. Complex 2 had the smallest MIC and MBC values against Pseudomonas Aeruginosa whereas Complex 1 had small MIC and MBC values against a range of both positive and negative gram bacteria, suggesting that only small amounts of the metal complex were needed to inhibit/kill the growth of the microorganism [48] . 
Conclusions
The reaction of Ni(II) acetate with Schiff bases derived from 4-substituted-3thiosemicarbazide and 2,4-dihydroxybenzaldehyde in the presence of imidazole or benzimidazole yielded a new series of mixed-ligand Ni(II) complexes, 1-4. The Schiff bases coordinated to the Ni(II) ion via deprotonated ONS donor atoms and a monodentate nitrogen atom from imidazole or benzimidazole, yielding a distorted square planar geometry as was supported by spectroscopic analysis. Indirect evidence for the proposed structures were provided by crystallographic methods. X-ray crystallography established the complex in 2' and complex cation in 5 and to exist within trans-N2OS square planar coordination geometry. In 5, the sulphur atom is a thione as opposed to a thiolate in 2'. The form (charge) of the tridentate ligand gave rise to systematic changes in bond lengths and angles. Considerable hydrogen bonding led to a three-dimensional architecture in the crystal of 5 but, only one-dimensional chains in 2'. All the tested compounds were inactive against the two selected breast cancer cell lines. Although the complexes had higher activity than their free Schiff bases against the tested microbes, their Kb values were significantly lower than the standard, indicating that the complexes had a different mode of action against the tested cancer cells and microbes in this work.
